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1. I am an inventor of claims 6, 7 and 12-15 of the patent apphcation identified above 
and an inventor of the subject matter described and claimed therein. 

2. Prior to December 27, 2002, 1 had completed my invention as described and claimed 
in the above-identified application in Japan, a WTO countiy. as evidenced by the attached 
documents which are reports made during meetings which occurred at the University of 
TOYOHASHI UNIVERSITY OF TECHNOLOGY, prior to December 27, 2002. The reports 
are presented in chronological order: 

a) Document 1 is meeting report where I proposed an ultrasonic sensor as shown in Fig. 
1, which included an epitaxially grown y-AUOj film to control the orientation of a Pt film and 
an oriented PZT film on the Pt film. The initial attempts to form such a structure were not 
successful and plans for future experiments described. 

b) Document 2 is a subsequent report made four days after the report of Document 1. 
which describes functional problems of the heating device for growing the films and 
suggesting appropriate modification to obtain the temperatures believed necessary for film 
growth. 
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49, successful formation of aPt(lOO) film on AI2O3 (100) film is reported. 

d) Documem 4 is a program of a research report meeting and lists my name as a 

presenter of a research report. 
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English Translation of the Original Documents 

* Please note that figures and pictures are shown more clearly in the original documents. 

ICG meeting document 

B4 Keisuke HIRABAYASHI 
Study on ep itaxial growth of Pt thin films on epitaxial AhOi(lOO) 
1. INTRODUCTION 

Recently ferroelectric materials such as Pb(Zr,Ti)03 :(PZT) which have superior 
piezoelectric properties have been widely used as an ultrasonic sensor. Ultrasonic sensors used as 
such as a liquid level gauge, a flowmeter, a viscosity meter, a fishfinder are composed of 
piezoelectric ceramics to which a hom and a sound absorbing material are attached mechanically. 
Therefore, it is difficult to integrate ultrasonic sensors with circuits and the device becomes bulky. 
However, ultrasonic sensors are required to be miniaturized, arrayed, highly sensitive and easy to be 
connected to microcomputers in order to provide increased performance, for example, 
measurements of organs in a human body, measurements in a foggy environment or in turbid water, 
which are unachievable by optical sensors, detection of foreign substances in a body after a surgical 
operation, and three dimensional measurements by using arrayed sensors. 

As a miniaturized and highly sensitive sensor, we have proposed an ultrasonic sensor using 
thin films as shown in Fig. 1 , wherein a cantilever is provided on a Si substrate in parallel with the 
substrate. By using Si as a substrate, a sensor part can be integrated with a circuit. 




Fig. 1 Structure of an ultrasonic sensor using thin films 



2. Purpose of Study 

PZT used as a ferroelectric film in our ultrasonic sensor has a perovskite structure as shown 
in Fig. 2. In the perovskite structure, shifts of Zr/Ti in the c-axis direction cause polarization. 
Therefore, PZT exhibits the strongest ferroelectricity when it is c-axis oriented. In order to align 
the orientation of PZT in the structure shown in Fig. 1 , crystallinity of an oxide film and a Pt film 
which act as substrates of a PZT film is important. 

In this study, we propose to use an epitaxially grown Y-AI2O3 film as an oxide film in the 
sensor. We expect to control the orientation of a Pt film on an AI2O3 film and form an orientated 
PZT film on the Pt film. It has been reported that a (lOO)-oriented Pt thin film 200 nm thick wais 
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able to grow at 600 on an MgO (100) substrate which has the same spinel structure as Y-AI2O3. 
The aim of the present study is to grow a (100)- oriented Pt film on a Y-AI2O3 (100) film and obtain 
an oriented PZT film. 




Fig. 2 Perovskite structure [Pb(ZrxTii.x)03] (PZT) 



3. Experimental Method 

First of all, we prepared a handmade Ta heater for C3-CR. The structure of the heater is 
shown in Fig. 3. 

We sputtered samples after substrate temperatures rose up to about 600 'C. The substrate 
temperatures were measured with a thermocouple placed adjacent thereto and controlled by 
adjusting voltage (current) of the heater by SLIDAC. 

We used the follwing samples as substrates; Y-AI2O3 (100) and Y-AI2O3 (111) grown on Si 
by the CVD method, R face of sapphire, and MgO (100). 



wafer 




Fig. 3 Heater structure 
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4. Experimental Results 

Table 1 shows substrates and sputtering conditions of the present experiment. 
Table 1 Substrates and sputtering conditions 



Sample 
No. 


Structure 


Sputtering 
Temperature (X) 


Sputtering 
Time(min) 


RF Power 
(W) 


Thickness of 
Ptfilm(A) 


25 


Pt/Al203(lll)/Si(lll) 


620 


7 


25 


875 (estimated) 


26 


Pt/Al2O3(100)/Si(100) 


600 


7 


25 


875 (estimated) 


27 


Pt/sapphire(R) 


600 


7 


25 


875 (estimated) 


28 


Pt/MgO(100) 


600 


7 


25 


875 (estimated) 


33 


Pt/MgO(100) 


615 


30 


20 


200 


34 


Pt/Al2O3(100)/Si(100) 


200 


35 


Pt/sapphire(R) 


200 



Fig.4 shows X-ray diffraction (XDR) patters of samples No. 25 to 28. 
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Fig 4 XRD patterns of samples No. 25 to 28 

AI2O3 (111) : Pt was poly crystalline because a strong Pt(lll) peak and a weak Pt(lOO) peak were 
observed. 

AI2O3 (100): A strong Pt(l 11) peak and a weak Pt(lOO) were observed as in the case when substrate 

temperature is not raised. 
sapphire(R): Only a Pt(lll) peak was observed. 
MgO(lOO): Only a very small Pt(l 1 1) was observed. 

Although we expected that Pt grown on sapphire(R) and MgO (100) might be single 
crystalline, measurements by a reflection high-energy electron diffraction (RHEED) showed ring 
patterns. We thought of the following reasons why Pt films were not epitaxially grown: 
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(1) Substrate temperatures were too low. 

(2) The growth rate was too high. 



With regard to reason (1), the maximum substrate temperature obtainable by the present 
heater is limited to 600°C. 

With regard to reason (2), the growth rate was as high as about 125 A/min, because 
sputtering was conducted at RF power of 25W in accordance with the operation manual. 
Then, in order to reduce the growth rate, we sputtered samples No. 33 to 35 at RF power of 20W, by 
which we expected to obtain a reduced growth rate of 6.7 A/min. 

Fig. 5 shows XRD patterns of samples No.33 to 35. XRD patterns of Pt/sapphire(R) and 
Pt/MgO (100) showed Pt (111) peaks. XRD pattern of Pt/AbOa (100) showed Pt (111) peak and 
Pt (100) peak. Next, we measured RHEED pattem of each sample. 

Fig. 6 shows RHEED pattem of Pt on sapphire (R). It seems that Pt was (lll)-oriented on 
sapphire. RHEED patterns of other samples also showed ring patterns with faint spots. 

From these results, it seems that crystallinity of Pt was improved by reducing the growth rate. 





Fig. 5 XRD pattems of samples No. 33 to 35 Fig. 6 RHEED pattern of Pt/sapphire (R) 



5. Future Study 

We will conduct further experiments of epitaxial growth of Pt on Y-AI2O3 under the following 
conditions; 

(1) Improve the sputtering heater and carry out sputtering at higher temperatures. 

(2) Observe crystallinity changes at various growth rates. 

(3) Control temperatures of the sputtering heater by a thyristor. 
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Crystal meeting document 

B4 HIRABAYASHI and Ml Yokawa 
Study on epitaxial growth of Pt thin films on epitaxial Alp O^ClOO) 

1 . Summery of the report presented at the ICG meeting on 28 October 2008 (Monday) 

Pt films were (lll)-oriented on MgO (100) substrate and sapphire(R) substrate at the 
substrate temperature of 600 'C, RF power of 20W, and the growth rate of 6.7 A/min. 

[A problem in the previous experiment] 

There were temperature differences between actual surface temperatures of samples and the 
measured temperatures because the thermocouple was placed on the stainless-steel. 

2. Present Experiments 

2-1. Experimental Method 

We conducted experiments by placing the thermocouple on a dummy sapphire substrate 
which was put on the stainless-steel. We raised sample temperature in the same manner as the 
previous experiment and sputtered the sample for 15 minutes at the surface temperature of 600'C 
and RF power of 20 W. 

2-2. Experimental Results 

By comparing with temperature changes at various RF powers obtained from previous 
experiments, we found out that the difference between the actual surface temperature and the 
measured temperature was about 100°C. 

The heater was cooled down for about 40 minutes after the sputtering. Then we opened the 
chamber and found out that the shutter, the periphery of the macor and screws appeared bluish black. 
By disassembling the heater soon thereafter, we also found out that the macor, the Ta heater and the 
sapphire were stuck with each other as shown in Fig. 1 . 




Fig. 1 Photograph of the heater 
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2-3. Consideration of the cause 

Each of sapphire and tatalum has a high metging point; the meting point of sapphire is 
approximately 2053 , the melting point of tantalum is approximately 2996 'C. Therefore, we 
consider that fusion bonding between the sapphire and the Ta heater was caused by the eutectic 
reaction therebetween. Although we have not confirmed the eutectic temperature of sapphire and 
tantalum, it is presumable that the temperature of the Ta heater increased up to a significantly high 
temperature. 

We considered the reason why heat did not transmit from the heater to samples by examining 
construction materials and structure of the heater. 

Firstly, if the thermal conductivities and emissivities of the sapphire and the stainless-steel are 
not high enough, heat carmot transmit to samples. The thermal conductivity of sapphire has 
temperature dependence as shown in Fig. 2 and is about 10 W/m • K at 700 ^C. The emissivity of 
sapphire is 0.02. The thermal conductivity and the emissivity of stainless-steel are 20 W/m • K and 
0,04, respectively. Although the thermal conductivity of sapphire at high temperature is a little bit 
low, both materials show acceptable values. 

Secondly, the thermal conductivity of macor is 1.67 W/m • K and appropriate for the material 
beneath the Ta heater. 

Thirdly, the basic structure of the heater, i.e. a sample is disposed on a conductor, a conductor 
is disposed on upper insulator, an upper insulator is disposed on a Ta heater and a Ta heater is 
disposed on a lower insulator, cannot be changed. Therefore, we will consider to dispose a 
reflector plate beneath the lower insulator as a modification in the next stage. 

We considered that the tarnish inside the chamber could resulted from sputtering of other 
materials or melting of Pt due to heat. We will examine these possible causes along with 
evaluation of samples. 




Temperature (*'C) 

Fig. 2 Thermal conductivity of sapphire 
(* http://vvww.cosmotec-co.jp/seihin/kvosera/kvosera-tan.htm by COSMOTEC corporation) 

3. Evaluation of Samples 

Table 1 shows substrates and sputtering conditions of the present experiments. 
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Table 1 Substrate and sputtering conditions 



Sample 
No. 


Structure 


Vacuum 
Pressure 
(torr) 


Sputtering 
Temperature (°C) 


Sputtering Time 
(min) 


RF Power(W) 


Thickness of 
Pt film (A) 


36 


Pt/MgO(100) 


6x10"' 


600 


15 


20 


100 


37 


Pt/sapphire(R) 


6x10-' 


600 


15 


20 


100 



Both RHEED patterns of sample No, 36 and No. 37 showed ring patterns. 



Fig. 3 shows XRD patterns of both samples. 
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XRD pattern of sample No. 36 showed an MgO (100) peak only. XRD pattern of sample 
No.37 showed two peaks at 38.3° and 44.5'' . But these peaks differ from Pt peak. From 
these results, it is likely that sputtering of a material other than Pt caused the tarnish inside the 
chamber. The chamber includes such as copper and stainless-steel (iron, chromium, and nickel). 
Study of peaks of these materials showed that Fe, Cr, and Ni had peaks at near 44.5° . Therefore, 
we think that the stainless-steel which was located near the sample was sputtered due to high 
temperature of the heater. 



4. Future Study 

From the experiments described above, it seems that we should modify the structure of the 
heater so as to epitaxially grow Pt films at 600 'C. We will improve the heater first and then 
continue to study epitaxial growth of Pt films at 600''C. 
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[Suggestion for a heater structure] 

Fig. 4 shows our proposed heater structure. A substrate wafer with a Y-AI2O3 layer on the 
top surface is placed on the heater. This wafer can act as an oxide film as well as a heat conductor. 
We expect that the thermal conductivity of the wafer will be fairly good. 



AI2O3 on Si wafer 
(upside down) 



Ta heater 
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Crystal meeting document 

Study on epitaxial growth of Pt thin films on epitaxial A hO^dOO^ 

1. Summery of the report presented at the ICG meeting on 1 November 2008 (Fri) 

Pt films were (lll)-oriented on MgO (100) substrate and sapphire(R) substrate at the 
substrate temperature of 600 *'C, RF power of 20W, and the growth rate of 6.7 A/min. 

[Problems in the previous experiments] 

• There were temperature differences between actual surface temperatures of samples and the 
measured temperatures because the thermocouple was placed on the stainless-steel (Actual growth 
temperature was about 500 "C). 

• The heater degraded rapidly and broke down due to high current application. 

2, Present Experiments 

2.1. Heater and Sample 
[Heater] 

The previous heater degraded rapidly and SLIDAC was overloaded because we applied a 
current as high as 14A to the Ta heater. 

Therefore, in order to raise substrate temperatures up to 600''C at 9A or less, at which the 
heater starts to degrade, we provided holes on the stainless-steel plate so as to place samples 
directly on the sapphire located on the heater, as shown in Fig. 1 . 



wafer 




Fig. 1 Structure of the heater 



[Sample] 

We used sapphire(R) and AI2O3 (100) epitaxially grown on Si(lOO) by the CVD method as 
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substrates to sputter and grow Pt films on. 

• AI2O3 (lOOySi (100) substrate data 

Sample No. 020122a 

Si p (100) substrate is 2 inches thick. AI2O3 film is 145 A thick. 




Fig. 2 RHEED patterns 




Fig. 3 AFM 



2-2. Sputtering Conditions 

Table 1 shows sputtering conditions of the present experiment. 



Table 1 Sputtering conditions 



Sample 


Substrate 


Growth 


RF Power 


Sputtering 


Film 


No. 




Temperature 




Time 


Thickness 


47 


Al2O3(100)/Si(100) 


560 °C 


22 W 


20 min 


2OOA 


49 


Al2O3(100)/Si(100) 


600 °C 


22 W 


20 min 


200 A 


50 


sapphire (R) 


600 °C 


22 W 


20 min 


200 A 


51 


Al2O3(100)/Si(100) 


610 'C 


22 W 


20 min 


200 A 


53 


Al2O3(100)/Si(100) 


600 'C 


22 W 


60 min 


600 A 
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2-3. Experimental Results 

Fig. 4 shows XRD patterns of the sampels. Fig. 5, Fig. 6 and Fig. 7 show RHEED patterns 
of sample 49, 50 and 51, respectively. 
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Fig. 5 RHEED patterns of sample No.49 



Fig.6 RHEED pattems of sample No.50 
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Fig. 7 RHEED patterns of sample No. 51 



3. Considerations 

• Sample No. 47 

Not only a strong Pt(lOO) but also a Pt(l 1 1) peak were observed. This result suggests that Pt 
film was not epitaxially grown at 560°C. 

• Sample No. 49 

RHEED pattems showed near-perfect spot pattem and XRD pattern showed a strong Pt (100) 
peak only. These results suggest that Pt(lOO) can be epitaxially grown on AI2O3 (100) by 
sputtering at 600°C . 

• Sample No. 50 

Pt(l 1 1) can be epitaxially growth on sapphire(R) under the same condition as sample No. 49. 

• Sample No. 51 

Although sputtering condition was almost same as that of sample No. 49, RHEED pattem 
showed a spot pattem accompanying a faint ring, and XRD pattem showed Pt (111) peak although 
its relative intensity was considerably low. 

Plausible origins for the results are crystallinity of AI2O3, small differences in RF power, 
ultimate vacuum pressures and others. The most likely reason is crystallinity of AI2O3 used as a 
substrate. We will further study epitaxial growth of Pt on AI2O3 with various crystallinity. 

• Sample No .53 

It was shown that that Pt(l 1 1) peak was observed under the condition that sputtering time was 
60 minutes and Pt film became thicker. Since required film thickness is about 1000 A, evaluation 
of crystallinity of Pt is also important. We will conduct further experiments such as lowering RF 
power, increasing growth temperatures, in order to grow thicker Pt film with high crystallinity. 

As some study have shown that PZT was c-axis oriented on Pt (100) film, piezoelectric effect 
can be expected from its spontaneous polarization without polarization process. 
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fig. 5 RHEED sample No.49 
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Abstrac t Piezoelectric materials, especially lead zirconivm titanate (PZT), have found widespread use as \iltrasomc sensor. 
Those sensois with Metal Ferroelectric Metal Insulator Semicondiictar (MFMtS) stnictires are very attractive for integration, of sen$or8 
and circuits* inioiatiirization and increased sensitivity, la our laboratory, epitaxial y -AlaOsCOOl) thin film on Si(001) substrates have 
been proposed as an insulator of the ^d^MTS structure. (00 1 ^oriented PZT films, larger piezoelectricity than other oriented films. To 
febricate such PZT fihns, the crystallinity of the insulator and bottom metal layer are very important. However, (OOl)-oriBated Pt 
film have not been obtaiiued on they -AlaOjCOOiySiCOOl) substrates. In this work, we deposited epitaxial Pt(00l) films ony 
-AlaOjCOOl ) by an RF-sputtering system (ANBLVA L-2 lOH) at various substrates temperatures. The sputtering was done at a 2Pa Ar 
•^s, aud RP power of 22W. Substrates temperatures ranged from room temperature to 600*C ,which was achieved with Itandraade 
heater. A reflection high energy electron dif&actioji pattern from a Pt fihn deposited at 600*C on y -AliOaCOOl) sliowed a spot 
pattern with indicating the presence (OOl)-criented films. XRJD patterns also show that R(OOl) film is fonned. However, Pt films 
deposited at lower temperature ai« not (001) oriented because (001) and (111) peaks are observed. These results sliow that single 
crystalline Pt(OOl) film can be epitaxielly grown on y -AlaO3(100). These Pt films will be used as substrates for epita^dal growth of 
PZTtxUns. 
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